As part of a project to identify nove1 maize (Zea mays 1. cv B73) genes functionally, we have partially sequenced 130 randomly selected clones from a maize leaf cDNA library. Data base comparisons revealed seven previously sequenced maize cDNAs and 18 cDNAs with sequence similarity to related maize genes or to genes from other organisms. One hundred five cDNAs show little or no similarity to previously sequenced genes. Our results also establish the suitability of this library for large-scale sequencing in terms of its large insert size, proper insert orientation, and low duplication rate.
Genome biology has as a major goal the functional identification of a11 of the genes in the genome. Toward this end, large-scale sequencing of human (McCombie et al., 1992b; Martin-Gallardo et al., 1992) , nematode (Sulston et al., 1992) , and yeast (Oliver et al., 1992) genomic DNA has commenced, and many thousands of human (Adams et al., 1991; Adams et al., 1992) and nematode (McCombie et al., 1992a; Waterston et al., 1992) cDNAs have been partially sequenced.
Plant genome biology is also directed toward functional identification of plant genes and, in addition, has a particular interest in comparisons between genomes. Given limited resources and relative genome sizes, only the Arabidopsis genome is currently being targeted for complete sequencing by the end of the decade (National Science Foundation, 1990) . Although genomic sequence data are clearly more informative than the partial sequence data obtained from cDNAs, large numbers of cDNAs can be sequenced now and at relatively low cost. Consequently, cDNA sequencing is the logical next step toward the goal of functional identification, mapping, and comparison of a11 plant genes.
In this paper, we report results from a pilot project designed to determine the percentage of cDNAs that can be functionally identified from a plant cDNA library using partial DNA sequence analysis. In addition, we established the suitability of a particular cDNA library for such a project. Our results show that 20% of cDNAs from the initial screen of this library could be identified on the basis of partial sequence data. 
MATERIALS A N D METHODS
A commercial maize (Zea mays L. cv B73) cDNA library (Stratagene catalog No. 937005) was the source of clones used in this study. This library was constructed from mRNA isolated from illuminated leaves and sheaths of the upper 12 nodes of a 5-week-old, disease-free plant. cDNA was synthesized using an XhoI;loligo(dT)-linker/primer and cloned unidirectionally into the EcoRI and XhoI sites of the phage vector Uni-ZAP. The library was then plated out, and plaques were picked at random. Plasmid (pBluescript-SK) plus insert was excised from each phage isolate according to the supplier's protocol (Stratagene), amplified, and purified by alkaline lysis and column chromatography (Qiagen). Each insert was released from the vector and sized in minigels using standard techniques (Sambrook et al., 1989) . Dideoxy sequencing (Sanger et al., 1977) of the double-stranded plasmids was performed with Sequenase and 35S-dATP using either SK (5', Stratagene) or M13 forward (3') primers. The 5' end was partially sequenced for a11 cDNAs isolated, and for approximately one-third of the cDNAs the 3' end was sequenced as well. DNA sequence analysis and database comparisons were conducted with DNASIS (Hitachi) using GenBank release 68 and EMBL release 27. Amino acid comparisons using the forward three reading frames of a11 cDNAs were conducted with PROSIS (Hitachi) using Protein Identification Resource release 28 and Swiss-Prot release 18.
RESULTS A N D DISCUSSION
Before starting large-scale cDNA sequencing, we wanted to establish the suitability of the library for this type of project. Specifically, we wanted to know the percentage of clones with inserts, their approximate size and orientation, and the extent of insert duplication. Because only one strand of the cDNA is sequenced, we also wanted to establish the extent of sequencing errors.
Presence and Size of lnserts
A suitable library will have a low percentage of clones with no inserts or very short inserts. Of 136 clones sequenced, 4 had no inserts and 2 had inserts of C0.3 kb. Thus, >95% of the clones analyzed from this library gave useful sequence data. The size distribution of the remaining 130 clones was 0.4 to 2.7 kb, with a mean k SD of 0.9 f 0.5 kb and with 13 clones being larger than 1.5 kb. Although we did not directly 
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Plant Physiol. Vol. 101, 1993 compare the length of individual inserts with that of the mRNA, an estimate of the number of full-length clones can be made using those cDNAs that had previously been sequenced from maize or other organisms ( Tables I and 11) . Five of the 25 (20%) were either full length or included the putative start codon.
lnsert Orientation and Presence of Poly(A) Tails
For sequence comparisons, data from the coding region at the 5' end of a poly(A)-selected cDNA should be much more informative than data from the untranslated 3' tail. To confirm the directionality of this library, we sequenced 40 clones from both ends. Of these, 38 had poly(A) tails at the "3" end, 1 was inverted, and 1 lacked a tail. Of the remaining 90 clones that were initially sequenced from the "5" end only, we found 3 that were inverted. Thus, this library is >95% unidirectional. Potential contamination of a cDNA library by genomic sequences is a matter of concern (Burglin and Barnes, 1992) , and the presence of a poly(A) tail on most clones confirms that this library is essentially free of such sequences.
lnsert Duplication
In any cDNA sequencing project, there will come a point at which the percentage of previously analyzed cDNAs makes further sequencing unproductive. The use of differentially selected clones as opposed to randomly selected clones has been shown to extend the usefulness of the library (Hoog, 1991) , as has the preparation of "sorted" libraries (Waterston et al., 1992) . In addition, the type or developmental stage of the tissue selected for mRNA isolation will also affect the usefulness of the library. For example, a maize leaf library constructed from mRNA isolated from expanding leaves will have a relatively high percentage of abundant mRNAs (Nelson et al., 1984) . For this work, we wanted to concentrate on less abundant leaf mRNAs; therefore, we chose a library constructed primarily from mature leaves. To ensure that the library had low levels of the abundant mRNAs expressed in developing leaves, it was screened with an antibody against Rubisco. The abundance level in this library, <0.1%, was considerably lower than the 3.0% we found in a library constructed from 8-d-old seedlings (Clontech catalog No. FL-1036). A low level of duplication exists for other cDNAs as well. We found no duplicates in the 130 clones characterized, at least over the portions of the cDNAs that were sequenced. Consequently, we should be able to isolate a relatively large number of unique cDNAs from this library without a significant duplication problem.
Sequencing Errors
Single-strand sequencing is not particularly accurate. Although it is not possible to determine the exact error rate for a specific single-strand sequence without having the doublestrand sequence for comparison, error rate estimates of 98% (Adams et al., 1991) and 99.5% (Hoog, 1991) have been made for entire projects. To estimate our project error rate, we used sequence data from the cDNAs that had previously been sequenced from maize (Table I) , as well as sequence data from the four clones that did not contain inserts. We have restricted readings to <250 bases, and within this range, we found five deletions, three mismatches, and four ambiguous base calls over a total of 1897 bases. Thus, our estimated error rate is 4%. An error rate of this magnitude poses no problems with the analysis of DNA similarities and, for extensive sequence data, should not impede amino acid alignments (States and Botstein, 1991) . Nevertheless, for the short sequence data generated by partial sequencing, frameshift errors are a concern.
Sequence Comparisons
Data base comparisons of the 130 cDNAs revealed that 7 cDNAs corresponded to previously sequenced maize genes (Table I ). An additional 18 cDNAs (Table 11) had .a high degree of sequence similarity to related maize genes or to genes from species other than maize. These cDNAs have been provisionally identified based on the following criteria: (a) nucleic acid and/or amino acid identities >60% over the entire coding region, (b) an unbroken reading frame, (c) the presence of appropriate conserved residues, and (d) the biological "appropriateness" of the identification. Although none of these criteria are absolute and biological appropriateness is not quantifiable, we believe that use of this approach is likely to yield fewer incorrect assignments. The remaining 105 clones show little or no similarity to genes in the databases and may represent nove1 genes.
Percentage of cDNAs ldentified
Our results show that 20% of the randomly selected cDNAs could be provisionally identified on the basis of partial sequencing. This percentage is considerably lower than that reported for randomly selected human brain cDNAs (52%; Adams et al., 1991) or randomly selected mouse cDNAs (44%; Hoog, 1991). However, differential selection from a mouse library to yield a "rare" group of cDNAs also gave a low percentage (25%) of identifiable genes (Hoog, 1991) . Likewise, an analysis of >2000 human genes from severa1 types of libraries resulted in the identification of 17% of the genes (Adams et al., 1992) . Identification rates in Caenorhabdifis elegans cDNA projects are also in the range of 25 to 30% (McCombie et al., 1992; Waterston et al., 1992) . Table  I1 were identified by comparison to nonplant genes, and of the remaining 10, 4 (0005, 0030, 0116, 0152) had nonplant matches. Given the explosive growth in the number of partially or completely sequenced animal a n d yeast genes (Adams et al., 1991; Adams et al., 1992; Martin-Gallardo et al., 1992; McCombie et al., 1992a; McCombie et al., 1992b; Oliver et al., 1992; Sulston et al., 1992; Waterston et al., 1992) and, in particular, considering the efforts made by yeast researchers to identify novel genes (Oliver et al., 1992) functionally, it is likely that future identification of maize cDNAs will be based primarily on similarity to nonplant genes.
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